ABSTRACT. Grafting influences scion photosynthetic capacity and fruit quality. Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), which strongly affects photosynthetic rate, and Rubisco activase (RCA), which regulates Rubisco activity, are two key photosynthetic enzymes. However, little information is available regarding the effect of grafting on the concentration and expression of Rubisco and RCA in the citrus cultivar Huangguogan. The objective of this study was to investigate the effect of grafting Huangguogan plants onto trifoliate orange, tangerine, and orange on: 1) the concentration of Rubisco and RCA; 2) the mRNA levels of rbcL, rbcS, and rca; and 3) fruit quality. Overall, the results showed that when Huangguogan plants budded on tangerine and orange, they had better fruit quality, while on trifoliate orange they had higher Rubisco concentration. Tangerine and orange are probably the most suitable rootstocks for Huangguogan plants given the environmental conditions of Sichuan Province, China.
INTRODUCTION
Huangguogan is a new late maturing, high-yield, and seedless citrus hybrid produced by crossing orange and tangerine. The main area of production in China is Sichuan Province, but it has been wide spread in many areas of the country since the 2010s. In spite of the increasing popularity of Huangguogan in the market, there is limited information regarding the effect of grafting on key photosynthetic enzymes and fruit quality.
Many studies have focused on the influence of citrus rootstocks on fruit quality (Georgiou, 2002; Forner-Giner et al., 2003; Bassal, 2009 , Castle et al., 2010 . However, the influence of rootstock on the photosynthetic capacity of scions may be a key factor when determining plant performance, in terms of vigor and fruit quality. Morinaga and Ikeda (1990) suggested that the leaf photosynthetic rate and product distribution differ among rootstocks, and scion behavior is probably influenced by rootstock-induced effects on leaf gas exchange (González-Mas et al., 2009; Rodríguez-Gamir et al., 2010) . Graham and Syvertsen (1985) showed that the hydraulic conductivity of rootstock is positively correlated with the exchange rate of CO 2 in citrus leaves. Carbon sequestration in terrestrial ecosystems is a result of the assimilation of CO 2 by autotrophic bacteria, algae, and plants via the Calvin-Benson-Basham cycle (Tabita, 1999) .
Rubisco is the most abundant protein on Earth (Raven, 2013) . It is a key photosynthetic enzyme responsible for the incorporation of atmospheric CO 2 into ribulose bisphosphate (RuBP), a process that generates the necessary building blocks for carbohydrate biosynthesis (Andersson and Backlund, 2008) . However, Rubisco also has negative effects on crop yield (Ainsworth and Ort, 2010) . Rubisco is composed of eight large subunits (RBCL) and eight small subunits (RBCS) (Ellis, 1979) . In higher plants, RBCL is encoded by the chloroplastic rbcL gene, while RBCS is encoded by members of the nuclear rbcS gene family (Sasanuma, 2001; Wostrikoff and Stern, 2007) . The expression of rbcL and rbcS is highly regulated and can be influenced by cell and tissue development (Patel et al., 2004; Majeran et al., 2005) , photosynthetic metabolism (Acevedo-Hernández et al., 2005) , nutrients, and plant regulators (Imai et al., 2005; Patel et al., 2006) . Liu et al. (2013) suggested that the rootstocks affect the regulation of photosynthesis in cucumber leaves, since they affect the initial and total Rubisco activity by influencing gene expression. Rubisco activase (RCA) is also considered to be a key photosynthetic enzyme (Portis Jr., 2003) . In higher plants, the active state of Rubisco is strictly dependent on the activity of RCA (Henderson et al., 2013) .
The objective of this study was to investigate the effect of grafting Huangguogan plants onto trifoliate orange, tangerine, and orange on 1) the concentration of Rubisco and RCA; 2) the mRNA levels of rbcL, rbcS, and rca; and 3) fruit quality. The trees were raised using standard cultural practices. Uniform 1-year-old budded trees were planted in March 2003 at the Huangguogan Demonstration Garden in a randomized complete block design with three-tree plots for each rootstock and three replications. Each plot was 5 x 4 m. The annual application of urea, calcium superphosphate, and potassium sulfate was 930-1125 kg/ ha, 1350-1500 kg/ha, and ~540 kg/ha, respectively. Base fertilizer was applied once in October and then topdress fertilizer was applied three times: 1 month before flowering, once during the formation of young fruit, and once during fruit ripening. When young fruits began to grow, N and P were applied three times at concentrations of 30, 20, and 10 by weight. Trees were pruned and sprayed with insecticides, fungicides, and nutritional solutions as needed.
MATERIAL AND METHODS

Rootstocks and cultivation
Evaluation of fruit quality
In total, 36 fruits were randomly collected from each replication. For each rootstock, fruits were harvested seven times at 20-day intervals during ripening. The total soluble solid (TSS) concentration was measured with a hand-held refractometer (Atago Co. Ltd., Japan). Titratable acidity (TA) (mEq NaOH 100 g/fresh fruit) was measured using 10 mL fruit juice diluted with distilled water (1:2) and titrated to pH 8.2 using 0.1 N NaOH. The 2,6-dichloro-phenol-indophenol-titration method was used to determine the concentration of vitamin C and the Fehling reagent method was used to determine the concentration of total sugars.
Measurement of enzyme concentrations
A total of 36 leaf samples were collected from each replicate at 9:00 am and ground to a fine powder in liquid nitrogen. The concentrations of Rubisco and RCA enzymes were determined using Plant Rubisco ELISA Kit and Plant Rubisco Activase ELISA Kit (Shanghai BOYE Biology Science and Technology Co. Ltd., China) according to the manufacturer instructions.
Total RNA extraction and gene expression analysis
Total RNA was extracted from leaves using TRIzol (Toyobo, Osaka, Japan) according to the manufacturer instruction and then treated with RNase-free DNase to remove any contaminating DNA. First-strand cDNA produced from the total RNA was synthesized using M-MuLV reverse transcriptase and oligo-(dT) 18 primers following the manufacturer instructions (Takara, Sichuan, China). Gene expression in each tissue was measured using real-time polymerase chain reaction (qRT-PCR). The primers (Table 1) were designed using the Primer express 3.0 software. Sequence data have been submitted to the GenBank database under the accession Nos. KP729049 (rca), KP729050 (rbcL), and KP729051 (rbcS). The actin gene (GenBank accession No. GQ389668.1) was used as an internal control. PCR was performed using LightCycler 480 SYBR Green I master kit (Roche Diagnostics, Mannheim, Germany) according to the manufacturer instructions. Amplification included a 5-min preincubation step at 95°C, followed by 40 cycles at 95°C for 10 s, 58°C for 15 s, and 72°C for 20 s. PCR products were quantified using the LightCycler 480 qRT-PCR detection system with SYBR Green I master kit (Roche Diagnostics). All reactions were run in triplicate. The specificity of PCR was determined by melting curve analysis, and data were analyzed using the 2 -∆∆Ct method (Livak and Schmittgen, 2001 ).
F indicates forward and R indicates reverse. 
Statistical analysis
All experiments were performed in triplicate. Statistical analysis was performed using the SAS software (SAS Institute, Cary, NC, USA). Analysis of variance was applied to assess differences between the treatments. Data are reported as means ± standard deviation (SD). Differences between means were established using the Duncan multiple range test (P < 0.05).
RESULTS
Rubisco and RCA concentrations
Grafting significantly affected RCA concentration (Figure 1) . Following color change, there was very little variation in the concentration of RCA in grafting combinations during the first 40 days (Figure 1 ) and this then increased gradually reaching maximum values 80 days later. There were no significant differences in the mean RCA concentrations among HG/CR, HG/CJ, HG/PT, and CK plants, and their maximum values were 168.03, 179.22, 151.88, and 142.88 ng/L, respectively (Figure 1 ). Compared to CK, the concentration of RCA enzyme increased in the leaves of grafted plants, and this increase was more significant in the leaves of HG/CJ plants.
The pattern of Rubisco concentration fluctuated similarly in grafted plants and in CK plants. The concentration of Rubisco first increased and then decreased before and after fruit ripening, respectively (Figure 2) , and was significantly higher in grafted plants than in CK plants. Rubisco reached maximum levels in HG/CJ and CK plants on February 15, and on March 5 in HG/PT and HG/CR plants (Figure 2 ). HG/CJ plants contained the highest concentration (104.91 ng/L) of Rubisco, which was significantly different compared to other grafting combinations before March, after which these differences were not significant (Figure 2) . 
mRNA expression of the rbcS, rbcL, and rca genes
To further understand how rootstocks regulate key photosynthetic enzyme concentrations, RT-qPCR was conducted to determine the mRNA expression of rbcS, rbcL, and rca genes in the leaves of Huangguogan. The relative expression of Rubisco at the transcriptional level was significantly affected by grafting (Figures 3 and 4) . The results showed that the relative mRNA expression of rbcS (Figure 3 ) and rbcL (Figure 4 ) first increased and then declined rapidly to about 1/5 or 1/3 of the maximum value, respectively. In HG/PT, HG/CR, and CK plants, the maximum level of expression was observed on March 5, while in HG/CJ plants this occurred on February 15. The transcriptional levels of rbcS in HG/PT (Figure 3 ) and rbcL in HG/CR (Figure 4 ) were higher than those in HG/CJ plants during fruit ripening. In addition, the relative expression of rbcL and rbcS mRNA in all grafting combinations was significantly higher than that in CK. The level of rca transcription increased with fruit ripening, and was higher in all grafting combinations compared to CK ( Figure 5 ). In particular, HG/CJ plants contained the expression of rca ( Figure 5 ). The level of rca mRNA increased rapidly during fruit ripening and reached the maximum value on February 15 in HG/CJ and on March 5 in HG/PT, HG/CR, and CK plants. The level of rca mRNA declined quickly thereafter.
Fruit quality
Fruit quality was also influenced by grafting (Table 2) . TSS was significantly higher in HG/PT, HG/CR, and HG/CJ compared with CK, and HG/CR had the highest TSS concentration (13.32%). Compared to CK, TSS in HG/PT, HG/CR, and HG/CJ was higher by 12.1, 19.7, and 6.4%, respectively. CK produced fruits with the highest vitamin C content (44.55 mg/100 g), which was significantly different from that of HG/PT and HG/CR, but not of HG/CJ (Table 2) . HG/CR and HG/PT produced fruits with the lowest vitamin C content. TA was higher in HG/PT and CK, but not significantly different than that in HG/CR and HG/CJ (Table 2) . Compared to CK, TA of HG/CR and HG/CJ was lower by 2.5 and 3.7%, respectively. Compared to CK, the total sugar content of HG/PT, HG/CR, and HG/CJ was higher by 6.8, 18.3, and 10.2%, respectively. HG/CR contained the highest total sugars (10.41 g/100 mL), but did not differ significantly from those of HG/PT and HG/CJ. Different letters indicate significant differences (P < 0.05) according to the Duncan multiple range test. 
DISCUSSION
Several reports have established that rootstocks maintain their photosynthetic rates by alleviating oxidative damage, protecting chloroplast structure, and delaying photoinhibition (Zhen et al., 2011) . Beakbane and Majumder (1975) also showed that rootstocks influence the density of stomata in scion leaves. In the present study, we observed that grafting enhanced the concentration of key photosynthetic enzymes in Huangguogan. The active levels of Rubisco and RCA in the grafted Huangguogan leaves were significantly higher than those in CK. Changes in Rubisco and RCA concentration were similar during fruit ripening, but the concentration of RCA was significantly higher than that of Rubisco, probably because RCA is a molecular chaperone that controls the switching of Rubisco conformation from inactive to active (Portis Jr., 1992 , Ott et al., 2000 Spreitzer and Salvucci, 2002) . The pattern of Rubisco expression changed during fruit ripening, probably because oxygenase plays the main role in this process, while after fruit ripening, carboxylase plays the primary role. The active level of Rubisco directly affects the photosynthetic rate (Morinaga and Ikeda, 1990) , while several environmental factors have an indirect effect on the net photosynthetic rate (Brüggemann et al., 1992) . The oxygenase activity of Rubisco results in the synthesis of phosphoglycolate, a molecule of limited use to most organisms. Phosphoglycolate is re-circulated by photorespiration, an energy-requiring salvage pathway, which causes a constant drain on the pool of RuBP and a decrease in the efficiency of carbon fixation by up to 50% (Andersson and Backlund, 2008) . Suppression of Rubisco's oxygenation reaction has a positive effect on crop yield (Imai et al., 2005) . Our study showed that CK had the lowest concentration of Rubisco, while HG/CR had the highest. These findings suggest that grafting might positively affect the yield performance and photosynthetic rate of Huangguogan.
RBCS is not essential for catalysis, because several configurations of RBCL retain some carboxylase activity and have unperturbed specificity (Andrews, 1988) . However, considering that some Rubisco enzymes lack RBCS and have the lowest specificity values (Jordan and Ogren, 1981) , we may assume that RBCS substantially contributes to the differences in kinetic properties observed among different Rubisco enzymes. On the other hand, hybrids containing foreign RBCS or enzymes with mutations in RBCS often display altered holo enzyme stability and/or specificity (Spreitzer and Salvucci 2002; Spreitzer, 2003) . In the present study, we provide some evidence that grafting regulates the concentration of Rubisco by affecting gene expression. The changing patterns of rbcS, rbcL, and rca mRNA levels were similar in CK and under all grafting combinations. In addition, the changes in Rubisco and RCA concentrations were likely associated with the changes in the mRNA levels of rbcL, rbcS, and rca. These results are consistent with those reported in rice leaves during ontogeny (Irving and Robinson, 2006) . The consistent differences in the transcript levels and enzyme concentrations suggest that grafting plays an important role in the regulation of Rubisco synthesis. Thus, we conclude that grafting enhances the expression and concentration of Rubisco in Huangguogan leaves, and that different rootstocks have different effects on enzyme concentration and gene expression at different times.
Results from a previous study (Wutscher and Bistline, 1988) suggested that citrus rootstocks have well-established effects on fruit quality. Our results showed that grafting enhanced fruit quality, especially the total sugar content and TSS values, and that different rootstocks had different effects on these variables. Rootstock-induced changes in Huangguogan also improved the preservation time of fruit on the tree (data not shown). High expression levels of Rubisco and RCA in green organs made a substantial contribution to grain yield in wheat (Araus et al., 1993) . Our study showed that HG/CJ plants had the highest levels of Rubisco and RCA expression, which is also suggestive of an increase in yield.
In conclusion, the results of this study showed that fruit quality, photosynthetic enzyme concentration, and gene expression of Huangguogan could be controlled by the proper selection of rootstock. Overall, the results showed that when Huangguogan plants budded on tangerine and orange, they had better fruit quality, while on trifoliate orange, they had a higher concentration of Rubisco. Tangerine and orange are probably the most suitable rootstocks for Huangguogan plants under the environmental conditions of Sichuan Province, China.
